Doping is an efficient way to tailor the electronic, chemical, optical and magnetic properties of materials[@b1][@b2][@b3][@b4], and this approach has been widely applied in semiconductor electronics and photovoltaic devices. Substitutional doping of graphene with different atoms (e.g. B, N, S and Si) results in the disruption of the ideal *sp*^*2*^ hybridization of the carbon atoms, thus locally inducing significant changes in their electronic properties and chemical reactivity[@b5][@b6][@b7][@b8][@b9]. In particular, N-doping, expected to introduce additional *n*-type carriers in carbon systems, is crucial for applications in high-frequency semiconductor devices[@b6] and enhanced catalysis for energy conversion and storage[@b10][@b11][@b12]. In addition, N-doping could also enhance the biocompatibility of carbon nanomaterials[@b13][@b14] and therefore is favorable for biosensing applications[@b15]. Although some attention has been paid to the synthesis and potential applications of N-doped graphene (NG)[@b16][@b17][@b18], the atomic configurations of the N-dopants within the graphene sub-lattices have not been studied. Besides the doping concentration, the nature of the dopants, *e.g.* the bonding type, the dopant location and the induced perturbation within the graphene sub-lattices, are important to both basic research and practical applications. Zhao *et al.* prepared monolayer NG sheets using a low-pressure (high vacuum) chemical vapor deposition (LP-CVD) method and visualized the *single substitution* of carbon atoms by N-dopants (*i.e.* individual *sp*^*2*^-like N-dopant, N~1~) within the graphene lattice; this N~1~ defect was notably abundant when studying all regions by scanning tunneling microscopy/spectroscopy (STM/STS)[@b19]. By using a solvothermal method, Deng *et al.* synthesized entangled multi-layer NG sheets and suggested a speculative model of *double substitution* (N~2~)[@b20]. However, further theoretical and experimental works are still needed to elucidate diverse N-doping configurations within the graphene sheets and sub-lattices.

Here, we developed a simple but efficient method to synthesize large-area and highly-crystalline monolayer NG sheets on copper (Cu) foils by atmospheric-pressure chemical vapor deposition (AP-CVD). By performing STM/STS studies and *ab initio* simulations, we have demonstrated that as-synthesized NG sheets contain an abundant amount of N~2~ dopants *within the same graphene sub-lattice* (N~2~^AA^) (e.g. \~80% dominance among all the identified defects), as well as other types of more complex configurations. It should be noted that the dominant presence of the N~2~^AA^ dopants is highly dependent on the experimental CVD setup and reaction parameters (see our control experiments in [Supplementary Section S6](#s1){ref-type="supplementary-material"}). STS measurements confirmed by theoretical calculations reveal a spatial electronic localization close to the N-dopants in graphene. More interestingly, we have demonstrated for the first time that individual NG sheets could be used to efficiently identify organic molecules through a significant enhancement of the Raman signal, while pristine graphene sheets do not display such enhancement under the same Raman spectroscopy conditions. We therefore envision that NG sheets could provide a highly sensitive surface with controlled modifications for developing molecular nanosensors and *n*-type graphene-based electronic nanodevices.

Results
=======

Large-area monolayer NG sheets were synthesized on Cu foils using methane (CH~4~) and ammonia (NH~3~) as precursors in an AP-CVD setup (for details see Methods, [Supplementary Fig. S1 and Section S1](#s1){ref-type="supplementary-material"}). [Figure 1a](#f1){ref-type="fig"} depicts a typical photograph of as-synthesized NG on Cu foil. Due to the high transparency of single graphene layers, the NG-covered Cu foil exhibits the intrinsic appearance of copper. In addition, the underneath Cu foil could be easily etched away in an aqueous FeCl~3~/HCl solution ([Fig. 1b](#f1){ref-type="fig"}). NG samples were then transferred onto other substrates (*e.g.* SiO~2~/Si wafers) using a polymethyl methacrylate (PMMA)-assisted method[@b21] in order to keep large-area NG sheets from breaking during the transfer process. [Figure 1c](#f1){ref-type="fig"} shows a transferred NG sheet with a 1 cm × 1 cm area. It is noteworthy that the size of the NG sample could be much larger and it only depends on the size of original Cu foil used for the transfer. High-resolution transmission electron microscopy (HRTEM) studies were performed after transferring as-synthesized NG onto TEM grids by a PMMA-free method[@b22] (see [Supplementary Fig. S2, S3 and Section S2](#s1){ref-type="supplementary-material"}). Typical HRTEM images of NG sheets are shown in [Figs.1d-e](#f1){ref-type="fig"}. The corresponding fast Fourier transform (FFT) of [Fig. 1e](#f1){ref-type="fig"} reveals the hexagonal feature of the single-layer NG lattice. Occasionally, bi-layer and tri-layer islands could also be detected in NG samples by HRTEM. Both of them display distinct Moiré patterns caused by the stacking of individual hexagonal NG layers with different orientations (see [Supplementary Fig. S4](#s1){ref-type="supplementary-material"}).

Representative Raman spectra of N-doped and pristine graphene on SiO~2~/Si substrates using 514 nm laser excitation are shown in [Fig. 2a](#f2){ref-type="fig"}. Both kinds of samples were synthesized under the same experimental conditions except for the introduction of NH~3~ used for the N-doping. The symmetric line-shape of the 2D-band and the large ratio of the 2D-band over G-band intensities (*I*~2D~/*I*~G~\>2) confirm the growth of mostly a single layer in both NG and pristine graphene samples[@b23]. The D-band of pristine CVD graphene is presumed to be related to domain boundaries and growth nucleation sites[@b24]. The relatively weak D-band in pristine graphene sheets (*I*~D~/*I*~G~\~0.12) demonstrates a high degree of crystallinity for the undoped monolayers. In contrast, the NG spectra reveal a more intense D-band (*I*~D~/*I*~G~\~1.00), which can be explained by the elastically scattered photo-excited electron created by the large number of nitrogen atoms embedded in the graphene lattice before emitting a phonon. The average distance between defects (*L~D~*) is roughly estimated to be *ca.* 10 nm and the defect density is *ca.* 1.2×10^12^ cm^−2^ from the ratio *I*~D~/*I*~G~\~1.00 of the NG sheets[@b25][@b26]. The Raman spectra of the NG also exhibit an obvious D\'-band, which is believed to be originated from intravalley double resonance scattering processes[@b27]. Similar features have also been reported in NG sheets synthesized by LP-CVD[@b18][@b19][@b28]. Compared to that of pristine graphene, the Raman spectrum of NG shows a downshift of the G-band (2 cm^−1^) and 2D-band (7 cm^−1^). Based on the empirical relationship between the Fermi energy and the Raman peak position[@b29], the downshifts suggest that the N dopants move the Fermi level of graphene up by \~350 meV.

In order to further investigate the homogeneity of NG sheets, Raman mappings were acquired on a 50 μm × 50 μm area (see [Fig. 2b](#f2){ref-type="fig"} and [Supplementary Fig. S5a--c](#s1){ref-type="supplementary-material"}). Most of the scrutinized area within the NG sheet exhibits *I*~2D~/*I*~G~\>2, except for a few islands showing *I*~2D~/*I*~G~≤1 (see [Fig. 2b](#f2){ref-type="fig"}), which correspond to the occasional presence of few-layer NG sheets, also witnessed by HRTEM (see [Supplementary Fig. S4](#s1){ref-type="supplementary-material"}) and atomic force microscopy (AFM) (see [Supplementary Fig. S5d](#s1){ref-type="supplementary-material"}). Based on HRTEM, AFM and Raman mappings, we concluded that as-synthesized NG samples are mostly homogeneous monolayer sheets.

The presence of nitrogen atoms in NG was further confirmed by X-ray photoelectron spectroscopy (XPS). For pristine graphene, the C1s line scan spectrum ([Fig. 2c](#f2){ref-type="fig"}) exhibits a peak located at 284.6 eV, corresponding to the graphite-like *sp*^*2*^ hybridized carbon. This peak is also dominant in NG, suggesting that most of the carbon atoms remain embedded within the honeycomb lattice. In addition, for the NG sample, we found two extra peaks located at \~285.8 and 288.2 eV, which could be attributed to C-N bonding and oxygenated groups structures[@b16]. It is important to emphasize that no signal could be detected in the N1s line scans from the pristine graphene samples. For the NG sheets, two signals were identified in the N1s line scans (shown in [Fig. 2d](#f2){ref-type="fig"}), suggesting the presence of at least two types of N-C bonding: substitutional N located at 400.6 eV and a weak pyridine-like N signal located at 398.6 eV[@b30].

STM/STS measurements were performed after transferring NG sheets onto SiO~2~/Si substrates (see Methods) because the Cu foil could affect STM imaging due to the charge screening in the graphene layer[@b31][@b32]. A large-area scan shows a rough surface with corrugations of 0.6\~1.0 nm, which could be attributed to the roughness of the SiO~2~/Si substrate. A representative STM topographic image of NG reveals the clear honeycomb lattice mostly decorated with brighter "*peapod-like graphic protrusions*", as pointed by white arrows in [Fig. 3a](#f3){ref-type="fig"}. Since similar features were observed all over the NG surface and were never detected in pristine graphene, we propose that these specific features are caused by the presence of N-dopants. The FFT presented in [Fig. 3a](#f3){ref-type="fig"} indicates the typical reciprocal hexagonal symmetry of the graphene lattice (outer hexagon) and intervalley scattering peaks (inner hexagon), representing the enhanced electron scattering induced by N-dopants[@b33][@b34].

The highly-resolved STM image ([Fig. 3b](#f3){ref-type="fig"}) provides a close-up topography of an individual N-doped site. The peapod-like feature is composed of a series of bright protrusions spaced *ca.* 2.4 Å, a value consistent with the second neighbor C-C spacing in the graphene lattice. It is worth noting that the topography of this type of N-doping site is different from previous reports[@b19], thus suggesting the presence of new bonding configurations for N-dopants. In order to elucidate these new doping configurations observed experimentally, density functional theory (DFT)-based STM simulations using the Tersoff-Hamann approach[@b35][@b36][@b37] within the generalized gradient approximation (GGA) for exchange and correlation[@b38] have been carried out. The calculated STM image (see [Fig. 3c](#f3){ref-type="fig"}) displays a mirror plane passing through the carbon atom that has two nitrogen nearest neighbors (depicted as blue balls in the superposed ball-stick model), and four bright spots perpendicular to the mirror plane that are centered at the carbon atoms surrounding the N atoms. Visible features from the N-doped site observed by STM, and the overall triangular shape and mirror plane of the calculated STM images are in excellent agreement with experimental results. In particular, we confirmed the presence of almost two quasi-adjacent nitrogen atoms in substitution within the NG sheets. To our surprise, these two nitrogen atoms are separated by one carbon and sit consequently on the same A-sub-lattice, thus forming an N~2~^AA^ configuration (see [Supplementary Fig. S6](#s1){ref-type="supplementary-material"}).

Discussion
==========

The *ab initio* computed formation energies for different types of N-doped graphene ([Fig. 4a](#f4){ref-type="fig"}) confirm the stability of nitrogen atoms in substitution. As pointed out by our calculations, nitrogen atoms could also stabilize structural defects such as vacancies. Several simulated STM images are illustrated in [Figs. 4b--e](#f4){ref-type="fig"}. We believe that the abundance of N~2~^AA^ and the presence of other complicated configuration arise from our unique AP-CVD growth, which is operating at ambient pressure, in contrast to the commonly used high-vacuum CVD reported for synthesizing NG[@b18][@b19][@b28]. The relatively high partial pressure of NH~3~ molecules would lead to shorter mean free paths, thus enhancing intermolecular collisions and generating more doping defects within the graphene lattice. In addition, our STM observations indicate that most of the nitrogen incorporation occurs in the same sub-lattice (N~2~^AA^), as opposed to the other sub-lattice (N~2~^BB^) (see [Supplementary Fig. S6](#s1){ref-type="supplementary-material"}). Indeed, among different doping configurations, we observed that more than 80% of the doping sites belong to the N~2~^AA^ type. Some other less common doping defects found in our NG samples are shown in [Fig. S7](#s1){ref-type="supplementary-material"}. Regarding the selective sub-lattice nitrogen doping mechanism, our total energy calculations indicate that it is energetically more favorable to introduce a second N~2~^AA^ defect in the same A sub-lattice than to place it on the B sub-lattice (for details, see [Fig. S8](#s1){ref-type="supplementary-material"}). Control experiments have been carried out by changing doping parameters in order to verify the effect of different NH~3~ reaction temperatures and times, but keeping the CH~4~ reaction temperature and time unchanged (980°C for 30 min). The Raman characterization analysis suggests that there is a competition between the incorporation of nitrogen atoms embedded within the graphene sheet and the annealing process in the presence of NH~3~. This is observed after modifying both the reaction temperature ([Fig.S9](#s1){ref-type="supplementary-material"}) and the reaction time ([Fig.S10--S11](#s1){ref-type="supplementary-material"}). It can be seen that the *I~D~/I~G~* ratio, the G-band and the 2D-band change considerably. In particular, the D\'-band does not show up in some cases. All of these variations reveal clear differences of nitrogen doping levels. We noted that only within a narrow window of NH~3~reaction time and temperature during the NG synthesis, the abundance of N~2~^AA^ dopants occur. At lower temperatures (e.g. 750°C) and shorter reaction times (e.g. 5 min), it is more difficult for nitrogen atoms to incorporate into the graphene lattice (see [Fig. S9--S10](#s1){ref-type="supplementary-material"}). At very high temperatures (e.g. 950°C, close to the graphene formation temperature), the graphene growth is inhibited by the reaction of carbon with gaseous NH~3~, and thus no graphene sheets are formed (see [Fig. S9](#s1){ref-type="supplementary-material"}). However, at very long NH~3~ reaction times (e.g. 60 min), we observed that the NG sample becomes more crystalline and defect free (see [Fig. S11](#s1){ref-type="supplementary-material"}). Only when using the appropriate temperature (800 to 850°C) and relatively long reaction times (e.g. 10 to 30 min) in the presence of NH~3~, the probability of finding N~2~^AA^ dopants is higher than for single N substitutions (see [Fig. S9--S11](#s1){ref-type="supplementary-material"}). The above mechanism is also supported by STM measurements ([Fig. S12](#s1){ref-type="supplementary-material"}). Typical STM images for NG doped at 750°C/10 min exhibits a perfect hexagonal graphene lattice without any N-dopant. For the sample doped at 800°C/30 min, STM image shows the highly crystalline graphene lattices and the presence of some N-dopants. This sample contains both N~2~^AA^ and single-substitutional N dopants. The N-doping concentration using STM images is estimated to be *ca.* 2.5×10^12^ N atoms per cm^2^.

By counting the density of dopants in the optimized conditions (e.g. NH~3~ flow for 10 min at 850°C), and considering the fact that the abundant N~2~^AA^ dopant includes two nitrogen atoms, the N-doping concentration is estimated to be *ca.* 0.25 at%, which corresponds to 5×10^12^ N~2~^AA^ dopants per cm^2^. Although this value only gives the local concentration within the scanned area, it is in the same order of our estimation (1.2×10^12^ cm^−2^) from Raman measurements by considering the statistical error. As mentioned above, our STM observations suggest that most of the nitrogen incorporation occurs in the same sub-lattice (N~2~^AA^). Such a doping unbalance between two sub-lattices of NG could have a strong impact on its electronic transport properties, and further theoretical and experimental works on this direction are currently in progress.

The presence of N-dopants leads to significant changes in the local density of states (LDOS), which were systematically measured by differential conductance *dI/dV* spectroscopy using the lock-in technique. Spectra collected far away from the N atoms represent the unperturbed electronic structure of pristine graphene (see the olive dot curve in [Fig. 5a](#f5){ref-type="fig"}). In order to avoid confusions, we labeled it as "undoped region". A typical V-shaped curve with a depression near the Fermi level is observed, which reveals the presence of phonon-assisted inelastic tunneling, as previously reported for monolayer graphene[@b39]. In comparison, the *dI/dV* spectrum near a N~2~^AA^ dopant (see red curve in [Fig. 5a](#f5){ref-type="fig"}) exhibits an enhancement in the LDOS at around +0.2 eV as well as a larger electron-hole asymmetry, caused by the presence of N atoms within the graphene lattice. It should be noted that the STS of the "undoped region" in as-synthesized NG samples is different when compared to a pristine graphene film synthesized using similar parameters (see [Fig. S13](#s1){ref-type="supplementary-material"}). STS of pristine graphene clearly shows the Dirac point at about +0.3 V, while in our NG case, the Dirac point is located at about −0.18 V. Therefore, it could be concluded that the introduction of nitrogen atoms into graphene results in an *n*-type doping of the sample.

Our STM observations revealed that most of the N-doping sites (more than 80%) in our samples follow the N~2~^AA^ configuration and they are arranged randomly within the scanning region. It is noteworthy that the N~2~^AA^ defect contains three coordinated nitrogen atoms and its abundance is also consistent with XPS data (see [Fig. 2d](#f2){ref-type="fig"}) indicating that most of the N-C bonds are three coordinated (substitutional-type nitrogen given by the N1s signal centered at *ca.* 400.6 eV).

In order to obtain quantitative insight into the electronic localization around the N dopants, *dI/dV* spectra near a N~2~^AA^ dopant were measured ([Fig. 5b](#f5){ref-type="fig"}). The LDOS was estimated exactly at the center of the N~2~^AA^ doping site (B point, [Fig. 5b](#f5){ref-type="fig"}) and 5 Å away from the doping site (A and C points, [Fig. 5b](#f5){ref-type="fig"}). The *dI/dV* spectrum at the doping site confirms the presence of high-intensity peak located at *ca.* +0.2 eV (as already illustrated in [Fig. 5a](#f5){ref-type="fig"}). DFT calculations performed close to the scanning points ([Fig. 5b](#f5){ref-type="fig"}) reveal projected density of states (PDOS) containing a number of resonant peaks centered *ca.* 0.4 eV above the charge neutrality point, and caused by the nitrogen *p~z~* orbital ([Fig. 5d](#f5){ref-type="fig"}). Since in the experiment, the Fermi energy (*E*~F~) is shifted from the Dirac point (*E~D~*) due to both nitrogen and substrate doping, the Dirac point in the calculated PDOS has been aligned to the experimental position of *E~D~* for comparison. Therefore, only the relative positions of the peaks are relevant, suggesting a good agreement between the theoretical PDOS ([Fig. 5d](#f5){ref-type="fig"}) and the experimental STS ([Fig. 5c](#f5){ref-type="fig"}). The PDOS on the nearest-neighbor C atom (point C) presents localized states caused by its electronic coupling with the nitrogen atom, whereas a reduced intensity of such states is observed on the next-nearest-neighbor C atom (point A). The occupied fraction of resonant states represents the localization of charge around the N-doping site. The dependence of the peak intensity with lateral displacements clearly indicates the electronic localization induced by the N dopants. Along the perpendicular direction (see dashed line in [Fig. 5b](#f5){ref-type="fig"}), a series of *dI/dV* spectra were recorded across the N~2~^AA^ configuration with 1Å interval. The electronic localization could be visualized by plotting the *dI/dV* spectra as a function of the transverse position (see color mapping in [Fig. 5e](#f5){ref-type="fig"}). A red bump in the color map appears at positive bias, corresponding to the enhanced intensity of the resonant peaks when approaching to the N~2~^AA^ dopant. By simply measuring the spatial size of the red bump, the doping effect is estimated to be localized within 1 nm. Considering a decay length of 7 Å for a single N-dopant[@b20], a 1 nm localization scale for the N~2~^AA^ dopant constitutes a reasonable experimental value.

N-doping not only contributes to additional charge carriers and the consequent modification of graphene\'s electronic properties, but may also be useful in molecular sensing applications, especially the graphene-enhanced Raman scattering (GERS) of organic molecules. It has been reported that pristine graphene could result in fluorescence quenching and Raman signal enhancement of organic molecules[@b40][@b41]. The microscopic mechanism for enhanced Raman scattering on graphene substrate is still in debate, but it is suggested to follow the chemical mechanism (CM), rather than the electromagnetic mechanism (EM) observed in noble metal particles for surface enhanced Raman spectroscopy (SERS)[@b41]. Usually, EM is believed to be based on the enhancement of the local electromagnetic field, which is caused by the incident light-excited surface plasmons[@b42]. When comparing the EM with CM, it is clear that CM is based on a charge transfer established between the substrate and the probe molecules. Due to the charge transfer, the polarizability of the probe molecule will increase and thus lead to the enhancement of Raman scattering[@b42][@b43]. In our case, changes in the chemical and electronic properties of NG are expected to modify the GERS behaviour via an enhanced charge transfer. However, to the best of our knowledge, N-doped graphene has never been applied for GERS. In this study, Rhodamine B (RhB), a widely used dye (see its molecular structure in [Fig. 6a](#f6){ref-type="fig"}), was selected as a probe molecule since it is usually very difficult to be detected by conventional Raman spectroscopy at low concentrations[@b44]. The presence of flat aromatic rings from RhB could closely interact with the pristine and N-doped graphene sheets so as to form a strong π-π stacking, which could contribute to a GERS enhancement[@b44]. [Fig. 6b](#f6){ref-type="fig"} illustrates the GERS experimental setup for detecting RhB molecules (see Methods, [Supplementary Section S8 and Fig. S14a,b](#s1){ref-type="supplementary-material"} for more details). Due to the strong fluorescence signal arising from the molecule, no clear Raman peaks from RhB molecules could be observed from the Raman spectra when using a bare SiO~2~/Si wafer as substrate ([Fig. S14c](#s1){ref-type="supplementary-material"}). As expected, pristine (undoped) graphene sheets successfully quench the fluorescence background and the spectrum exhibits vibrational peaks that correspond to some of the Raman fingerprints of RhB molecules at 1198 cm^−1^, 1511 cm^−1^ and 1650 cm^−1^ (see peaks with "\*" marks in [Fig. 6c](#f6){ref-type="fig"}). Interestingly, when NG sheet is used as a substrate, the intensities of all the Raman peaks associated to RhB are remarkably improved and clearly resolved. Furthermore, additional vibration fingerprints of RhB molecules located at 1282 cm^−1^, 1531 cm^−1^ and 1567 cm^−1^ which are not observed when using undoped graphene as a substrate, could be clearly detected. It is noteworthy that the intensity of the peak located at 1650 cm^−1^ for RhB on NG sheets is 10 times stronger than that on pristine graphene. Therefore, NG could be considered as an excellent substrate for a unique type of molecular sensing. The GERS effect has been observed when fine tuning the Fermi level of graphene by changing the electrostatic potential in a back-gated device[@b45]. In our case, the tuning of the Fermi level is achieved chemically through nitrogen doping. As mentioned above, the GERS enhancement of organic molecules on graphene sheets can be usually attributed to the charge transfer between molecules and the graphene surfaces[@b45], which could possibly lead to a molecular *p*-doping of NG in the present case. This fact could also be clearly witnessed from the remarkable upshift of the corresponding Raman peaks (D-, G- and 2D-bands) of NG sheets when they are in contact with RhB molecules (see [Supplementary Fig. S15 and Table S1](#s1){ref-type="supplementary-material"}). Therefore, we expect that other similar acceptor-type molecules (similar to RhB) could be efficiently detected using NG, and this unique property should be exploited in the near future and studied in more detail.

In summary, we have successfully synthesized NG via a simple and efficient AP-CVD method, and demonstrated that the introduction of nitrogen atoms within the same graphene sub-lattice could significantly alter its local electronic and chemical properties. New types of doping configurations, such as double-substitution of nitrogen (N~2~^AA^), have been confirmed experimentally and theoretically. The abundance of the N~2~^AA^ doping configuration appears to be observed selectively in NG samples obtained by the synthesis method reported here. Moreover, a novel and outstanding Raman enhancement of RhB molecules was demonstrated when using NG sheet as a substrate. These findings support the idea that chemical doping with heteroatoms, such as N, B or P, could be further exploited to tailor the electronic and chemical properties of graphene, and eventually lead to selective and efficient molecular sensors. In addition, we believe that our method could be exploited further in order to specifically control the type of N-doping configurations, and their location within the two different graphene sub-lattices, thus leading to a wide variety of sheets with different physico-chemical properties that could be used as components in different electronic and sensing devices.

Methods
=======

Synthesis of NG sheets
----------------------

The growth of NG sheets was achieved in an AP-CVD system, as illustrated in [Fig. S1](#s1){ref-type="supplementary-material"}. More details could be found in [Supplementary Section S1](#s1){ref-type="supplementary-material"}. A typical run for NG synthesis can be described as follows. Firstly, copper foils (99.8% purity, 25 µm thick, Alfa Aesar) were cleaned in a diluted HCl aqueous solution and then placed in the center of the AP-CVD reactor. Before heating the reactor up, a mixture of Ar (1000 sccm) and H~2~ (50 sccm) was introduced into the reactor to degas the air inside. Subsequently, the reactor was heated up to 980°C at a rate of 20°C/min, and kept constant for 10 min in order to anneal the copper foils. After that, CH~4~ (10 sccm) was fed into the reactor at 980°C for 30 min. After that, the feeding of CH~4~ was cut off and the reactor was cooled down to 850°C. Then, NH~3~ (5.0 sccm) was introduced into the reactor for 10 min at 850°C. Finally, the reactor was cooled down to room temperature in an Ar flow. By using FeCl~3~/HCl (0.5 M/0.5 M) mixture as a copper etchant (see [Supplementary Section S2 and Fig. S2--S3](#s1){ref-type="supplementary-material"}), large-area NG sheets could be easily transferred from copper foils to other substrates (SiO~2~/Si wafer, TEM grid) for further characterizations (Raman spectroscopy, XPS, STM/STS and HRTEM).

STM measurements
----------------

STM measurements were conducted with a home-built variable temperature STM in an ultrahigh vacuum (UHV) system with a base pressure better than 1×10^−10^ mbar. The NG/SiO~2~/Si samples were loaded into the low-temperature STM. The samples were degassed in UHV at 200\~300°C for several hours before performing the STM/STS measurements. In this study, all the STM/STS data were acquired at 85 K if not otherwise stated. A commercial Pt-Ir tip was prepared by gentle field emission at a clean Au(111) sample. The bias voltage was applied on the sample during the STM observations. The STM images were analyzed using WSxM (30).

Raman spectroscopy and mapping
------------------------------

Raman measurements were performed by a Renishaw inVia confocal micro-Raman spectrometer with a 100× objective and 514 nm laser as excitation source. For Raman mapping, the sample was placed on an *x*-*y* piezo-motorized stage and raster scanned with a step size of 400 nm for both *x* and *y* directions.

Theoretical simulations of different doping configurations
----------------------------------------------------------

STM simulations were carried out within the Tersoff-Hamann approach-based density functional theory (DFT) by using a localized numerical basis set and norm-conserving pseudopotentials as implemented in the SIESTA package[@b46]. *ab initio* DFT calculations were performed using the generalized gradient approximation (GGA)[@b38] for the exchange correlation functional using norm conserving pseudo-potentials[@b47] and a numerical localized combination of atomic orbitals to expand the wave-functions. The energy levels are populated using a Fermi-Dirac distribution with an electronic temperature of 250 K and an energy cutoff of 500 Ry is used. The integration over the 2D Brillouin zone is replaced by a summation over a Monkhorst-Pack (MP) grid of 8×8 k-points. The total and partial density of states were plotted using an interpolated 24×24 MP k-point grid, and smeared with Gaussian functions with a spread of 0.03 eV. The geometries are fully relaxed until the forces on each atom and stress tolerance are less than 0.01 eV/Å and 0.01 GPa, respectively. STM images were simulated using the Tersoff-Hamman approach, by integrating the local density of states within an energy window chosen to be close to the experimental bias. For the computation of the formation energies, a correction for the basis set superposition error was included when needed.

GERS measurement
----------------

Rhodamine B (Alfa-Aesar) was used as the probe molecule. The pristine and N-doped graphene sheets on SiO~2~/Si wafers were incubated in a RhB/ethanol solution with a concentration of 5×10^−5^ mol/L for 10 min ([Fig. S14a](#s1){ref-type="supplementary-material"}). After that, the samples were rinsed with ethanol to remove the unadsorbed molecules and then dried under an argon gas flow. GERS spectra were recorded using a Renishaw inVia confocal micro-Raman spectrometer with a 100× objective. The laser spot size is less than 1 µm. The GERS measurement was illustrated in [Fig. S14b](#s1){ref-type="supplementary-material"}. For all cases, the laser line and integration time are 514 nm and 10 s, respectively.
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![Morphology of as-synthesized N-doped graphene (NG) sheets.\
(a) Photograph of as-synthesized NG sample on Cu foil. (b) PMMA-coated NG with Cu residues floating on FeCl~3~/HCl aqueous solution, which is used as Cu etchant. Cu foil can be completely etched away within \~20 min. (c) NG sheet (1cm×1cm) on silicon wafer with 300 nm-thick SiO~2~ coating. This NG sheet was only part of the prepared NG sample shown in (a). It could be any size depending on the dimension of original NG-covered Cu foil for transfer. (d-e) Typical HRTEM images of as-synthesized monolayer NG. The inset of (e) is the corresponding fast Fourier transform (FFT) depicting the hexagonal pattern characteristic of the graphene framework.](srep00586-f1){#f1}

![Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) characterizations of as-synthesized NG and pristine graphene samples.\
(a) Typical Raman spectra of N-doped and pristine graphene on SiO~2~/Si substrate. The wavelength of Raman laser line is 514 nm. (b) 2D-band to G-band intensity ratio (*I~2D~*/*I~G~*) mapping of NG on SiO~2~/Si substrate. The NG sample is composed of a majority of single-layer sheets and some bi-layer or tri-layer islands, as highlighted with dark circles in the image. (c) XPS C1s line scan of N-doped and pristine graphene. The main peak at 284.6 eV corresponds to the graphite-like *sp*^*2*^ C, indicating most of the carbon atoms are arranged in honeycomb lattice. The small peaks at 285.8 and 288.2 eV can be attributed to C-N bonding and oxygenated groups structures. (d) N1s line scan of NG sample, which confirms the presence of substitutional (400.6 eV) and pyridine-like (398.6 eV) nitrogen dopants. The dashed green line exhibits the Shirley background.](srep00586-f2){#f2}

![Experimental and simulated STM images of as-synthesized NG sheets.\
(a) Large-area STM image of the NG illustrating the presence of numerous N-dopants with similar peapod-like configuration (highlighted by white arrows), *V*~bias~ = −75 mV, *I*~set~ = 100 pA. The upper and lower squares are used to indicate the undoped region and N~2~^AA^ dopants. (Inset) FFT of topography presents reciprocal lattice (outer hexagon) and intervalley scattering (inner hexagon). The STM image shown here is obtained in flattening mode to remove the overall roughness of the substrate and enhance the atomic contrast of dopants. (b) Highly resolved STM image of a N~2~^AA^ dopant. (c) Ball-stick structural model of the N~2~^AA^ dopant and simulated STM image obtained using first-principles calculations. The bias is −1.0 eV. The carbon and nitrogen atoms are illustrated using gray and cyan balls, respectively.](srep00586-f3){#f3}

![Calculated formation energy, experimental and simulated STM images of different N-doping configurations.\
(a) Formation energies of different N-doping configurations in NG sheets (as illustrated in insets) computed using *ab initio* calculations. (b-e) Simulated STM images depicting two different atomic configurations for double substitution of nitrogen dopants (b-c) and for two pyridine-like N-dopants (d-e). The biases are as follows: (b) −1.0 eV (c) −1.0 eV (d) −0.7 eV (e) −0.7 eV. The carbon and nitrogen atoms are illustrated using gray and cyan balls, respectively. The superscript B\' is used to differentiate between two N atoms as being first-nearest neighbors (N~2~^AB^) or third-nearest neighbors (N~2~^AB\'^).](srep00586-f4){#f4}

![Local electronic characteristics of NG sheets.\
(a) *dI/dV* curves measured on N~2~^AA^ dopants (red solid curve) and on undoped graphene region (olive dot curve). Both *dI/dV* spectra were averaged over 9 point spectra taken in 1×1 nm^2^ area. All STS data were obtained using a lock-in technique. (b) An STM topographic image including two N~2~^AA^ dopants. (c) *dI/dV* curves located at the center of N~2~^AA^ dopant (point B) and measured 5 Å away (points A and C). (d) Theoretical calculation of the PDOS on and near a N-dopant. The position of the Dirac point (E~D~) in the calculated PDOS (d) is shifted to the experimental location for clarity. (e) A color spectra mapping across one of the dopant, as illustrated by the yellow dashed line in panel (b). The electronic perturbation induced by the N-dopant is clearly localized within \~1 nm.](srep00586-f5){#f5}

![Enhanced Raman scattering effect of NG sheets for probing Rhodamine B (RhB) molecules.\
(a) Molecular structure of RhB. (b) Schematic illustration of experimental setup. RhB molecules are anchored onto NG sheet/SiO~2~/Si substrate. The laser line is 514 nm. (c) Raman signals of RhB molecules on pristine and NG sheets. The integration time is 10 s for all cases. The peaks marked with "\*" are the corresponding signals from RhB molecules. Note that there is a peak of RhB at 1597 cm^−1^, which is overlapped with the G-band of graphene sheets.](srep00586-f6){#f6}
